The present study explored the utilization of Mahua (Madhuca sp.) flowers, a major non-timber forest product (NTFP) of India, as a low-cost, natural substrate for protease production under submerged fermentation. Bacterial strain Aeromonas sp. S1, previously reported by us, was used as the protease producer. Using Mahua flower extract (MFE) as the medium additive, the protease production could successfully be enhanced by 5.6-fold (564.5 UmL -1 ) after 24 h of fermentation under optimized conditions compared with initial production of 99.9 UmL -1 in the absence of MFE. The cultural parameters for optimum production of protease were determined to be: incubation time-24 h; pH-7.0; MFE concentration-5% (v/v); inoculum size-0.3% (v/v) and agitation rate-200 rpm. The results obtained demonstrate the potential of cheaper and abundantly available Mahua flowers for induction of proteases, and thus offer a new approach for value addition to this biomass through industrial enzyme production.
The global enzymes market is expanding day by day due to their extensive applications in biotechnology and industry [1, 2] . Enzymes are not only being used in different industrial processes for manufacturing of a wide variety of products, but today they are also being looked at as an eco-friendly option for treatment of industrial/municipal wastes [3, 4] . Among various enzymes exploited globally, protease came out as a major hydrolytic enzyme. Of total worldwide enzyme production, proteases account for nearly 60%, due to their widespread uses [2] .
Cost of production is one of the limiting factors in the industrial use of enzymes. To fulfill the current industrial demand, efforts are being directed to explore new methods for reducing the production costs, either by searching for novel production sources or using new strategies for improving the yield [1] . The use of naturally available agro-industrial and forest residues in the fermentation media has emerged as one of the sustainable and economic approaches towards reducing the production cost of different valuable products, including enzymes [4, [5] [6] [7] [8] .
In view of the potential of the available bio-resources as costeffective renewable substrates for the production of different microbial enzymes, the present paper highlights the prospective of Mahua (Madhuca sp.) flower as a natural substrate for enzyme production through submerged fermentation. Mahua flower, a product of one of the important deciduous forest species locally called Mahua tree, comes under non timber forest products (NTFPs) and is found abundantly in the forests of central and eastern India [9] . Mahua flower is considered as one of the top 5 NTFPs from Indian forests and plays a vital role in the Indian tribal economy [www.cgsird.gov.in/Mahua-version%20-2pdf].
The estimated production of Mahua flowers in India is more than one million tonnes [9] . Surprisingly, in spite of being easily available and rich in nutrients (especially sugars) [9] , its use in bioprocessing is limited and not completely explored. Most Mahua flowers are used by the tribal peoples inhabiting the nearby forest locality, mainly for the preparation of distilled liquors, and as a feed for live stock.
Presently, its only major utilization is in the production of liquors; its potential use in the food industry as a value added product is reviewed by Patel and Naik [9] . Due to lack of proper industrial utilization, Mahua flowers are available very cheaply (Rs. 5-10 Kg -1 ) [10] .
Kumar et al. [6] and Patil et al. [11] have used these flowers as raw material for the production of polyhydroxyalkanoate (PHA) and exo-polysaccride polymer using Bacillus sp. 256 and Azotobacter indicus, respectively, under submerged fermentation. However, to the best of our knowledge, its use as a fermentation substrate for production of enzymes is not cited in the literature till now. Considering the biochemical composition of Mahua flowers [9] , which is good for supporting microbial growth and further enzyme production, the present study was aimed at developing an appropriate bioprocess using Mahua flowers extract (MFE) as a nutrient supplement for protease production by Aeromonas sp. S1.
Protease production in absence and presence of MFE:
Time course production of protease by Aeromonas sp. S1 in the presence and absence of MFE is shown in Figure 1 . The result shows that in the absence of MFE, protease production was 99.9 UmL -1 at 24 h and 102.7 UmL -1 after 48 h of fermentation. However, when the same medium was supplemented with 3%, v/v, of MFE, the protease production increased remarkably, reaching maximum activity of 487 UmL -1 (4.87-fold) after 24 h of fermentation. Enzyme production was found to be decreased thereafter with 410.5, 375.5 and 280 UmL -1 of protease activity at 48, 96 and 120 h, respectively, but still higher than that in the absence of MFE. Control samples in the form of boiled enzyme preparations (boiled at 100°C for 10 min) were also tested for protease activity. No protease activity was detected in the control samples.
This shows that MFE worked as an inducer substrate for increasing enzyme production and thus offers an unconventional option for increasing the yield of protease by using a cheaper nutrient source. Similar rises in production of various enzymes on supplementation with other cheaper plant biomasses/residues as a substrate or additive in the fermentation medium has also been reported by many researchers [4, 8, [12] [13] [14] .
Generally, protease secretions by microbial species are strain specific and depend upon the composition of the culture media and fermentation conditions [15] . Mahua flowers are reported to be rich in sugars, proteins, vitamins and minerals [9] . Their protein content (6.7g100g -1 flower) is higher than that of common fruits like apple (0.2g100g -1 ), banana (1.2g100g -1 ) and mango (0.6g100g -1 ) [9] . The composition of Mahua flowers suggests that their constituents, along with a good amount of proteins, might have played the role of inducer for increasing protease production by Aeromonas sp. S1; as peptides and proteins are reported to induce protease production [16] . Gupta et al. [1, 17] have also mentioned in their reviews that proteases are partially inducible in nature, which further supports our assumption.
Effects of various culture conditions on protease production:
Protease production strongly depends on various nutritional factors like carbon and nitrogen sources, and physical factors such as pH, temperature, incubation time and agitation/aeration [1, [15] [16] [17] [18] . Thus, optimization of different culture conditions was attempted for further enhancement of protease yield by Aeromonas sp. S1 using MFE as nutrient supplement.
Effect of pH: Figure 2 shows the effect of pH on protease production by Aeromonas sp. S1. Maximum enzyme production was at pH 7.0 with 487 UmL -1 of enzymatic activity. With subsequent increase in pH, the protease production declined to 81%, 65% and 56% at pH 8.0, 9.0 and 10.0, respectively. At pH 6.0, 71% of protease activity was obtained. On the whole, neutral pH was found to be the best for the production of S1 protease. Similar pH optima for protease production were also reported by Gupta and Khare [15] , Abusham et al. [19] and Divakar et al. [20] in the case of Pseudomonas aeruginosa PseA, Bacillus subtilis strain Rand and Aeromonas vernonii, respectively.
Effect of MFE concentrations:
Since MFE (3%, v/v) was found to increase protease production by a large amount, it was worthwhile to see the effects of various concentrations of MFE on protease production by Aeromonas sp. S1. Figure 3 shows that addition of MFE at 5%, v/v, was the optimum concentration for protease production. At this concentration, the protease production increased to 564. [14, 15, 21, 22] . This can be supported by our findings with mineral salt medium (MSM) as an alternative medium. When MSM was used as the base medium and MFE was added to it as a nutrient supplement, although visual bacterial growth (turbidity) was observed during fermentation, no protease activity was detected till 120 h of incubation (data not shown). In this medium, the nutrients and other supplements could support bacterial growth, but not protease production. This suggests that there was a repressive effect of high concentrations of MFE fermentable sugars on Aeromonas sp. S1's protease production, which could be seen more prominently in nutritionally poor media i.e. MSM.
Effect of inoculum size and agitation rate:
Inoculum size did not show prominent difference in the protease production by Aeromonas sp. S1. With 0.1, 0.3, 0.6 and 1.2%, v/v, inoculum size, protease activities of 532, 564, 522 and 545 UmL -1 were estimated, respectively. It was surprising that even a 0.1%, v/v, of inoculum could produce almost the same yield as other concentrations. Since maximum activity was obtained with a 0.3% inoculum size, this was selected for further studies.
During submerged fermentation, agitation/shaking speed is one of the vital factors for microbial growth and products formation. The effect of agitation rate on protease production by Aeromonas sp. S1 is shown in Figure 4 . With increasing agitation speed from 0 to 200 rpm, protease production increased with the optimum being at 200 rpm. At 250 rpm, the production declined to 374 UmL -1 , which was very much less than the 564.5 UmL -1 at 200 rpm. The lower protease production at 250 rpm could be due to the shear effects on the microbial cells [23] , or inactivation of enzymes due to mechanical damage [18] . Higher protease yield at 200 rpm is also reported by Jasvir et al. [24] , Abusham et al. [19] and Singh et al. [18] , during their studies on the effects of agitation rate on protease production by Bacillus sphaericus NG312 (MTCCB0014), B. subtilis strain Rand and Pseudomonas putida SKG1, respectively.
Overall, nutrient media containing 5%, v/v, MFE, at pH 7.0, an inoculum size of 0.3%, v/v, and an agitation speed of 200 rpm were the optimized conditions determined for maximum protease production using Aeromonas sp. S1. Under these optimized conditions, the protease yield was enhanced to approximately 5.6fold (564.5 UmL -1 ) compared with the initial production of 99.9 UmL -1 in the absence of MFE. This level of protease production (564.5 UmL -1 ) with Mahua flowers as added supplement is comparable with reported protease yields of 486 UmL -1 , 156 UmL -1 and 208 UmL -1 by different Bacillus sp. in starch-yeast extractbiopeptone [24] , wheat bran [13] and soybean-casein [25] supplemented media, respectively. Although much higher yields of proteases have been reported using other natural products, like pigeon pea waste [26] and arrowroot starch [14] , the production of protease in this range from Aeromonas sp. S1 and also by using unexplored forest residue like Mahua flower is significant. With this encouraging lead, it will be worthwhile to study this NTFP as a cost-effective substrate for production of other microbial enzymes.
Experimental
Materials: Casein (Hammarsten) was purchased from SISCO Research Laboratories (Mumbai, India). The media components were procured from Hi Media Laboratories (Mumbai, India). All other chemicals used were of analytical grade. Mahua (Madhuca sp.) flowers were collected from local people of Jharkhand, India.
Microorganism and mother culture preparation: Bacterial strain
Aeromonas sp. S1 used in the present study was isolated from the dairy industry and maintained on nutrient agar slants, as reported earlier [4] . The strain was found to be a good protease producer when checked on skim milk agar plates. Hence, studies were undertaken to use this strain for protease production. Mother culture was prepared by inoculating S1 culture in sterilized nutrient medium (pH 7.5) containing (gL -1 ): peptone, 5.0; NaCl, 5.0; yeast extract, 1.5; beef extract, 1.5, followed by incubation at 30°C and 200 rpm in an orbital shaker (Kuhner, Switzerland).
Media and culture conditions for protease production:
Three hundred μL of the overnight grown mother culture was used to inoculate 100 mL of autoclaved nutrient media in a 250 mL Erlenmeyer flask, followed by incubation at 30°C with constant shaking at 200 rpm in an orbital shaker. Aliquots of samples were withdrawn at different time intervals and centrifuged at 13684 x g and 4ºC for 20 min to pellet down the cell mass. The supernatant thus obtained was used for protease assay.
Effect of Mahua flower extract (MFE) on protease production:
The MFE was prepared as reported previously [4] . Briefly, a suspension of Mahua flowers was prepared in distilled water (10%, w/v), and the resultant mixture was filtered through muslin cloth after boiling for 10 min. The filtrate thus obtained was used as MFE. For protease production studies, 2 types of fermentation media were tested as basal media and to each, 3%, v/v, of MFE was added before autoclaving: 1) Nutrient media (composition same as mentioned above). 2) Mineral salt medium (MSM), pH 7.0, containing MFE as sole carbon and additive nutrient source. The MSM contained (gL -1 ): NaCl, 0.5; (NH 4 ) 2 SO 4 , 1.0; K 2 HPO 4 .3H 2 0, 1.5; KH 2 PO 4 , 0.5; MgSO 4 .7H 2 0, 0.2. The production media were then inoculated with S1 mother culture, followed by incubation for 24 h.
Maximum protease production was obtained at 24 h of fermentation with nutrient media containing MFE. Henceforth, this time and nutrient media containing MFE were used for further optimization studies.
Optimization of various culture parameters:
In order to optimize protease production by Aeromonas sp. S1 using MFE as inducer substrate, the effects of various culture conditions were studied. Initial pH of the medium (6, 7, 8, 9 and 10) , different concentrations of MFE (1%, 3%, 5% , 10% and 20%, v/v), inoculum size (0.1%, 0.3%, 0.6% and 1.2%, v/v) and agitation rate (stationary, 50, 100, 150, 200 and 250 rpm) were the parameters used for optimization studies. All the conditions were varied, one at a time, in the above media and their individual effects were monitored on protease production.
Protease assay:
Protease activity in the cell free supernatant was determined at an assay temperature of 45°C using the method of Mahanta et al. [7] . One unit of protease activity is defined as the amount of enzyme required to produce one μg of tyrosine per min under standard assay conditions. All experiments were performed in duplicate and the results given are the average of 2 independent identical experimental set ups.
